ABSTRACT: This paper reviews the flexible robotic surgery and navigation technologies that are currently available and under research development, particularly for transoral robotic surgery, in both broad and narrow senses. The clinical background, classifications, associated biomedical robotics applications and surgical outcomes are illustrated in this new paradigm of minimally invasive surgery. The state-of-the-art robotic and navigation systems for transoral procedures are reviewed by identifying the key properties and considerations. The use of different materials and actuation methods by the current robotic systems offers various movements for different purposes and their characteristics are compared. The future research trends of the robotic and navigation systems for transoral procedures, in terms of emerging new material, actuation and sensing technologies, are discussed at the end of this article.
B. The Scope of this Article
To understand the biomedical background of transoral robotic procedures, the anatomy, physiopathology and surgical workspace of transoral surgery are first introduced. We then review the outcomes and classifications of transoral surgery, in addition to the surgical goals and robotic strategies used in transoral robotic procedures.
This article mainly focuses on the current developments, challenges and future trends of flexible robotic systems and intracorporeal instrument tracking technologies for transoral robotic procedures. Particular attention is then given to both rigid and flexible instrument tracking technologies in order to perform the planning and navigation in pre-, intra-, and postsurgery stages to improve the accuracy, precision, and stability of the minimally invasive procedures. Overall, the combined expertise of biomedical engineers, clinicians, and roboticists provides a new horizon to help advance minimally invasive procedures. This advancement can substantially contribute at both clinical and academic levels, ultimately resulting in improved patient satisfaction and surgical efficacy.
II. CLINICAL SIGNIFICANCE AND TORS

A. Transoral Robotic Procedures in a Confined Anatomical Workspace
In a narrow sense, the original introduction of TORS in head and neck surgery is initially motivated by the anatomical constraints of the oropharynx. The traditional surgical approach to the oropharynx such as the midline mandibulotomy approach affords excellent exposure but is associated with morbidity such as dysphagia and cosmetic disfigurement to patients.
Understanding the anatomy of the oropharynx is crucial in order for TORS to be performed safely with minimal surgical complications. The oropharynx is the part of the throat which extends from the posterior one third of the tongue (commonly known as the tongue base) and is bounded laterally by the palatine arches (which house the palatine tonsils) and ends inferiorly at the level of the hyoid bone. The oropharynx contains several critical structures such as the branches of the external carotid artery (lingual, facial and ascending pharyngeal artery), glossopharyngeal nerve (IX nerve) and pharyngeal venous plexus [18] . Therefore, careful consideration of these structures is necessary during TORS to minimize postoperative complications such as oropharyngeal hemorrhage and dysphagia.
In a broad sense, TOS refers to surgical procedures targeting internal surgical structures through the oral cavity (a natural orifice), without leaving scars on a patient. Hence, it is one of the typical minimally invasive procedures through natural orifices (a.k.a. NOTES). In comparison with traditional open surgery, NOTES enables faster healing time and less patient trauma and blood loss since the dissection is done via a natural orifice. Meanwhile, due to the mode of accessing or manipulating surgical targets, TOS poses significant technical challenges in the development of delicate surgical instruments to navigate the narrow confines of the oropharynx and larynx. In this regard, research to develop flexible robotic technology is emerging and this will be discussed subsequently in this article.
B. Surgery Classification and Robotic Strategies
In head and neck surgery, the two main indications for the narrow-sense TORS are oropharyngeal carcinomas (OPC) and obstructive sleep apnea (OSA).
OPCs include cancers of the base of tongue, tonsils and soft palate. With OPC, the goal is to resect the malignancy and to achieve negative surgical margins. TORS can provide good visualization of the anatomy to assist with this; other advantages include improved swallowing, functional outcomes and quality of life when compared to other open approaches. [19] . OSA occurs when there is intermittent, repeated, partial or complete obstruction of the upper airway during sleep [20] . The aim of TORS in OSA is to enhance the upper airway volume by removing the excessive obstructing tongue base tissue. Clinically, the goal is to reduce the Apnea-Hypoapnea Index, which is an index to measure the severity of OSA. Invariably, patients will report a more refreshed sleep with improvement of the Epworth Sleepiness Scale.
There are many critical structures in the oropharynx that need to be preserved that pose challenges in the use of TORS. Careful consideration needs to be given to the branches of the external carotid artery such as the facial artery at the lateral oropharynx and palatine tonsils and the lingual artery at the base of the tongue. Other critical structures include the glossopharyngeal nerve which supplies the sensation to the pharynx, and the pharyngeal venous plexus [18] .
The robot currently used for TORS is the da Vinci surgical system created by Intuitive Surgical Inc. The latest dual-console model (da Vinci Si) was released in 2009 and allows for collaborative surgeries. The main components of the system include the surgeon's console, patient-side cart and vision cart. The surgeon's console has an integrated three-dimensional stereoscopic viewer. The surgeon is seated in front of the console and operates the instruments by means of the two hand controls. The patient side-cart is equipped with four robotic arms, each controlled by the surgeon, including a high-definition endoscope which gives the surgeon a steady, three-dimensional view of the surgical field. The miniature stereo endoscope of da Vinci provides excellent magnification of the surgical field and allows the surgeon to have a thorough appreciation of the tumor and its surrounding tissue. The vision cart allows the team in the operating room to visualize the procedure.
The endowrist instruments attached to the remaining arms of the da Vinci robot have 7 DOFs, which provide a greater range of motion than the human hand and they also suppress physiological tremors. Furthermore, the 360 degree wristed movements provided by the endowrist greatly facilitate the surgeon in operating in "tight" corners within the oropharynx, as shown in Figure 1 . Therefore, it is not unexpected that this technology opens up a new paradigm in the management of oropharyngeal cancer [21] . One of the limitations of the current robotic system, including the promising da Vinci system, is the lack of tactile feedback which prevents the surgeon from appreciating the consistency of the tissue during surgery. Furthermore, the current size and rigidity of the robotic arms do present some challenge in negotiating the instruments in confined spaces [22, 23] .
Therefore, other robotic systems are being developed to overcome these limitations. The Medrobotics Flex System has a novel design that contains 50 discrete linkages, allowing the instruments to advance and conform to the narrow spaces it encounters [24] . More broad-sense flexible robotic systems under development will be surveyed in the subsequent Section III.
Oncological Outcomes for Oropharyngeal Carcinomas
There are currently 8 studies in the literature specifically reporting the oncological outcomes of 361 patients. A summary of these results is presented in Table 1 .
The pioneering work by Weinstein and O'Malley in 2005 [25] has attested the feasibility of applying TORS based on the da Vinci robot in the treatment of oropharyngeal cancers (cancers of the base of tongue, tonsils and soft palate). The treatment goal for these cancers is to resect the tumor completely with a cuff of non-cancerous tissue in order to achieve negative surgical margins. Subsequent reports by other institutions have validated the safety profile and excellent oncological outcomes of using TORS in the treatment of early oropharyngeal cancers. These reports were instrumental in leading to the approval by the Food and Drug Administration (FDA) for the application of TORS in the treatment of early oropharyngeal cancers.
The oncological results for TORS are encouraging. Results published between 2010 and 2011 showed 2 year survival rates between 80% and 90% [26, 27, 28] . Recent publications have further re-enforced its excellent oncological outcomes with one study reporting a 100% survival rate at 18 months [29] indicating an improvement in outcomes as more are treated with TORS [19, 30, 31] (The oncological outcomes for TORS are summarized in Table 1 ). 
Tongue Base Reduction with TORS for Obstructive Sleep Apnea.
The results of 39 patients received base of tongue reduction with TORS for OSA are summarized in Table 3 . These studies show a consistent reduction in AHI and ESS following TORS [35, 36, 37] . 
III. FLEXIBLE ROBOTICS IN A CONFINED WORKSPACE
A. Degrees of Freedom in MIS
Broadly speaking, the access ports, either natural orifices in TOS or incisions in single-port access surgery (SPA), constrain rigid MIS instruments to only four DOFs and limit their distal dexterity [11, 38] . Tight spaces inside the human body restrict and complicate surgical procedures due to the maneuverability of the instruments. The surgical instruments or robots for these operations are very different from those used in traditional open surgery, and need to be highly flexible, dexterous, small and compact. Therefore, there is an increasing need for flexible robots with high DOFs.
B. The State of the Art in Flexible Robots for MIS
Delicate surgical robotic systems are emerging to assist clinicians with surgery. The robotic manipulators of these robots can typically be classified into two types, i.e., discrete or continuum. In conventional designs, the robots are designed with discrete rigid links, joints and gears to achieve the desired locomotion and actuation. The inability of hard materials to bend naturally or under a controllable situation inhibits and complicates the design and control mechanisms of these robotic systems. This explains why it is difficult to achieve a robotic system with high maneuverability or one with a high number of DOFs, as supported by Degani et al. [12] . Robotic systems like MASTER, as described by Phee et al. [39] , have high DOFs because of the number of joints or segments. Although the robot possesses a high number of DOFs, it is challenging to reach into tight spaces even with careful planning, which requires a huge amount of time and effort. Snake-like robots, which typically employ dozens of serially linked joints to mimic the snake vertebra column, use hard materials to compose the structure. Conventionally, each joint of the snake-like robot is independently actuated, which makes the whole robot very complicated in structure and in control. To simplify the robot, researchers proposed to use tendon/cable/wire to drive the robot. Meanwhile, the robot is not fully actuated, such as the Highly Articulated Robotic Probe (HARP) developed by Degani et al. [12, 40] . HARP has two concentric tubes where one tube is within the other, and each tube has many segments to increase flexibility. The outer tube, whose outer diameter is 12mm, is actuated by three cables, and the inner tube is used to stiffen the robot. The robot can bend in all directions. Compared with the MASTER, the size as well as control of the HARP is simplified since the number of actuators is significantly reduced. The Multiple Sections Flexible Endoscopic System [41] has two flexible arms on a main endoscope. The endoscope as well as the arms has a snake-like structure that is driven by cables, and can bend in all directions. The diameter of the main endoscope is 12mm and the diameter of each arm is 4mm. The whole robot has 12 DOFs in total, taking into account the motion of the end-effector.
Continuum robots are composed of elastic materials, and can deform the structure actively to achieve desired positions. Theoretically, they have an infinite number of DOFs. The Distal Dexterity Unit (DDU), as described in Simaan et al. [42] , has multiple segments which have 4 DOFs each. A segment is composed of a base disk, several spacer disks, an end disk and four flexible super-elastic beams [42] . The structure of this robotic system is found to be almost similar to the muscle rows of C. elegans [43] . Push and pull actuation of any 2 of the 3 secondary backbone wires allows the end plate to face different orientations. The design is able to provide stability together with flexibility that conventional designs are unable to provide. Since there are no joints in the robot, the DDU is more compact than the HARP. The outer diameter for each unit can be reduced to 5mm [44] . The HeartLander Robot [45] , although it has a very different form, employs a similar actuation method. It is composed of two compliant bodies, which are controlled by a pair of Nitinol wires.
Both the HARP and the DDU use tendon/cable/wire to actuate the robotic manipulator. The number of actuators is much less than the DOFs of the robot structure, i.e. the robot is under-actuated, as demonstrated in Figure 2 . Therefore, actuation of the robotic system is much simplified to provide easier controls. Furthermore, the actuation compensation increases the accuracy and efficiency of the robotic systems and provides actuation redundancy that allows for optimization of the load on the backbone to enhance the payload carrying capabilities despite miniaturization [11, 42] . Besides the DDU-like continuum robot, another example is the concentric tube robot, such as the robots designed by Dupont [46, 47] and Webster [48] . These robots use concentric pre-curved tubes both as the robot main-body and the robot actuators, as shown in Figure 3 . The distal end is positioned by translating and rotating the tubes. Material fatigue is a concern for this type of robot. The positioning accuracy would be decreased with more repetitive operations. Compared with the DDU, the size of the concentric tube robot is even smaller. The outer diameter of the robot can be less than 2.5 mm. The reduced size on the other hand impairs the load capacity of this type of robot. It is important to note that various surgical instruments such as carbon dioxide lasers can be inserted through the inner hollow space for transoral procedures. In addition to the popular tendon/cable/wire driven mechanisms, a hydraulically-driven flexible manipulator [49] appears to be a different mechanism used in MIS. It has a continuum structure, and the deformation is controlled by the flow pressure. The chambers inside the robot are similar to the tendons of the DDU or the cables of the HARP. In this robot, physiological saline is used as the control fluid. Therefore, even if the pressure in the chamber is over the limit and leakage happens, the patient will not be endangered by the working flow.
The biopsy module robot has been introduced to the surgical robot family by Harada et al. [50] . The idea is to use several identical modules to compose a surgical robot. The shape of the robot can be reconfigured. For instance, with a snake-like configuration, the robot can slide into the human stomach. When the robot is inside the stomach, the robot will transform to other configurations and perform different tasks. A prototype with diameter of 15.4mm has been developed, and positioning and torque tests have been performed. A similar robot which is called the reconfigurable modular robotic system has been developed by Tognarelli et al. [51] . The robot can be delivered into the human stomach by other flexible devices, such as an endoscopic robot. When inside the body, the robot can use a shape memory wire to reconfigure itself.
C. Robotic Research with Smart Materials
For flexible robots working in confined spaces, minimization is crucial as the compact size can offer more flexibility and room for surgical manipulations. Current robots are mostly driven by motors via tendons/cables/wires [41, 42, 44, 45] . The intra-body manipulator size can be reduced to a certain extent, but the external driving and controlling modules are still large and bulky, which takes up a lot of space in the operation room. Moreover, the size reduction of conventional motor-driven robots has its limit. With the development of new actuators, such as smart material based actuators, the size of a flexible robot can be reduced tremendously. For example, two common smart materials used in actuation are Shape Memory Alloy (SMA) and Ionic Polymer-Metal Composites (IPMC).
Shape Memory Alloy
When SMAs are plastically deformed, they are able to 'remember' and return to their predeformed shape after heating. When cooling down, they are deformed again. This allows for controlling the deformation of SMAs in order to create actuation. The SMA wires are solidstate, lightweight and can bear large stress. They provide an alternative to regular motor based push-pull actuation or cable/wire actuation.
However, the mechanics of SMAs are fairly inconsistent due to the warming up and cooling down time of the material, since it is temperature variant. The fact that they are temperature variant suggests that the robotic system might be potentially heated enough to endanger the patient if it were to be used surgically. Secondly, time and energy is needed to heat SMAs to achieve the required bending motion. Kim et al. [52] reports that the 'on time' is 2 seconds and 'off time' is 6 seconds for the SMA robot. Although time is not always an important variable in surgeries as surgeries can often takes several hours, the frequency response of the actuation is still important so that the robotic system can be fail-safe and help cut operating time. The robot was unable to obtain sufficient stroke in 1 second of 'on time' [52] . As such, it is difficult to control the exact bending angle. In addition, temperature feedback sensors are needed to control the position of the SMA actuators. Ayvali and Desai report that the characteristics and parameters of the required SMAs used in the surgical robot need to be determined experimentally since they are manufactured differently [53, 54] .
Ionic Polymer-Metal Composites
IPMCs, as known as a type of artificial muscle, can generate a large bending deformation when an electric field is applied. Similarly, such behavior can be controlled with the magnitude of the electric field applied. Additionally, they are able to engender currents from imposed bending motions applied to the material [55] . Their apparent drawbacks in actuation include low exerted stress, dehydration, and electrolysis [56] .
Comparing the attributes of IPMCs and SMAs, IPMCs are found to be better actuators in terms of their frequency response and bending properties [52] . Many of the properties and advantages of IPMCs are listed by Arena et al. [57] to further support the use of IPMCs. A notable advantage is that IPMCs are not temperature variant and therefore will not reach high temperatures that could pose a danger to the user. As such, no temperature feedback sensors are needed within the robotic system. However, encapsulation of IPMC is crucial since hydration of the material is essential for the electrical active bending motion. IPMCs can achieve a similar bending motion with a low applied electrical field and only regular insulation is needed to prevent any electrical leakage since it is not temperature variant. It is possible to control IPMC's bending angle using different magnitudes of applied electric fields. This increases the accuracy and sensitivity of the robotic system. In all, present data suggests that IPMCs will perform better if implemented in flexible robotic systems.
As of now, IPMCs are expensive because of the materials and manufacturing costs. They do not have the ability to hold their curved structure without a constant supply of electric current. Forces that are produced during the bending motion may not be enough to bend the rest of the structures, Arena et al. [57] report that the thin strips of IPMCs are able to hold their own weight though. Certainly, fatigue properties of IPMCs are to be explored since hydration is needed for wet IPMCs to ensure their performance at the required standard.
The major challenge of the IPMC based method is the limited force transmission, so the dexterity of a surgical robot can be enhanced by integrating tendon actuation of the DDU with IPMC actuation. A robotic system made of IPMCs would be more maneuverable, as each individual segment containing the IPMC could be controlled individually. Although this actuation differs from what is described by Ayvali and Desai [53] , it supports the method of controlling each actuator in order to overcome the reaction forces, achieve precise positioning and exert force on the soft tissue.
The direction in which the IPMC bends should be the same as the direction of the driven controller, which enables intuitive motion control. This will vastly cut down the training time for the instrument and improve the efficiency of the user. In addition, IPMCs generate a current when subjected to a bending motion, so that feedback will be available to control and monitor the movement of the robotic system, which results in a more accurate system.
IV. SURGICAL NAVIGATION IN TRANSORAL PROCEDURES
In transoral procedures, there is limited or no direct view of the surgical scenario in a confined space, so robotic instrument navigation [58, 59, 60] is an essential component for the success of minimally invasive surgery. The following sections will introduce the state of the art in tracking and associated navigation technologies in robotic surgery.
A. Surgical Instrument Tracking: An Overview
Mechanical Digitizers
Advances in frameless stereotaxy are propelled by position trackers, which can track both surgical tools and external landmarks. Mechanical digitizers [61] consisted of an articulated arm with rotary joint encoders. Using forward kinematics, the pose and orientation of the robotic end-effector can be determined. Mechanical digitizers are highly accurate, but cumbersome, difficult to sterilize and can only track one instrument each time; therefore, mechanical digitizers are not feasible in increasingly complex surgical procedures.
Optical Tracking Systems
Optical tracking systems (OTSs) are the most reliable and accurate tracking systems and are highly suitable for intra-operative surgical applications because of their high accuracy, fast update rate and robustness under direct-line-of-sight. Commercial OTS systems are compared in terms of accuracy, update rate, the number of bodies that can be tracked as well as some miscellaneous properties in Table 4 . Meanwhile, there are evaluations on the performance of the commercial OTS's in clinical practice [62, 63] . Commercially available systems such as the Optotrak 3020, OptotrakCertus and the Polaris from NDI 1 were among the most commonly used optical tracking systems. The Optotrack series systems are now researchgrade motion capture systems and are not designed specifically for surgical applications [64] . The earlier OTSs use illuminated near-infrared (NIR) light-emitting diodes (LED) as active markers that are tracked by light detectors such as the charge-coupled device (CCD), as well as passive optical probe that contains retro-reflective spheres capable of reflecting NIR light produced by illuminating LEDs. The latter has the advantage of being less cluttered than the former because the LED light is not located on the probe. OTSs include video-metric systems that identify marker patterns from video-image sequences. New tracking systems in the market such as the MicronTracker from CTI 2 offer comparable tracking capabilities in terms of accuracy and update rates, although they may be highly sensitive to the clinical environments and usages [65] . In a general sense, optical tracking of surgical instruments determines the pose (namely, position and rotation) of rigid targets with respect to a given reference frame. The pose estimation problem, also known as "positioning" or "localization", in optical tracking for surgical instruments is defined as the procedure to obtain the 3D Euclidean coordinates (x, y, z)
T and 3D rotation measurement (namely, attitude) of a rigid-body target in a world coordinates, which can be represented in three different manners [66] including (1) the rotation matrix, (2) a triple of Euler angles, and (3) the unit quaternion. a. Rotation Matrix A rotation matrix is a common way to describe the attitude of a rigid body. In a 3D Euclidean space, it is a 3×3 square matrix, with nine real entries. More specifically it can be characterized as an orthogonal matrix with determinant 1, 1 ,
The benefit of 3×3 rotation matrix is that it can be integrated with the 3×1 translation vector to determine the 6-DOF pose of a rigid body in a homogeneous coordinate frame. It is usually employed to align coordinates in two different reference frames. An example is shown in In Figure 4 , w  is the world frame, and t  is the target frame which is fixed onto the rigid target. The transformation between these two frames can be described as   Supposing that a 3D point X could be denoted as w X and t X in the world frame and the target frame respectively, then we can align the two coordinates by,
To simplify Eq. The benefit of aligning coordinates in different reference frames is that measurements from different sensing modalities in a robotic surgery scenario can be correlated. This alignment is also known as registration. Without loss of generality, marker based optical tracking for surgical instrument is taken as an example which is shown in Figure 5 . Four markers are attached onto the surface of the surgical instrument. The target frame t  is fixed onto the point of interest (e.g. the tip of the instrument) and the world frame is fixed at the center of the camera. The principle of the optical tracking for surgical instruments is to estimate the positions (such as    with respect to the three axes of a coordinate system. Figure 6 shows the orientation of a target with respect to world frame w w w o X Y Z  using Euler angles. Although the rotations of the Euler angles can be visualized with a clear physical significance, there is an innate drawback: the "gimbal lock" problem. "Gimbal lock" refers to the ambiguities that happen when rotation angles are given in terms of moving axes, and two axes coincide, which results in the degeneration of three DOFs into two DOFs.
c. Unit Quaternion
To overcome the drawback of gimbal lock in the Euler angle expression, unit quaternion is introduced to describe the rotation measurement. The relationship between unit quaternion   
Figure 6: Orientation Represented by Euler angles d. Localization based on Stereo Vision
The tracking problem can be converted to localize the 3D position of each marker attached to the surface of the surgical instrument. More than two cameras are deployed in an operating room to localize the markers on the surgical instrument. Markers can be divided into two categories -passive and active markers -according to their illumination. Active marker usually employs electronic elements such as LED to emit rays at a specified spectrum into the cameras, while passive marker reflects the rays back to the cameras. Figure 5 shows four infrared retro-reflective markers mounted on the instrument target. The passive markers can alternatively involve printed plane patterns at the visible spectrum such as the checkerboard of MicronTracker.
The 2D projective coordinates of markers in camera views can be detected by image processing algorithms such as region growing segmentation for circle center detection [67] and the Harris detector [68] for edge and corner extraction. Here we mainly focus on how to reconstruct the 3D coordinates of each marker based on its 2D projective coordinates. The problem can be stated as follows. Figure 7 depicts the 2D projective coordinates in multiple camera views. The relative pose between cameras and the intrinsic parameters of the cameras can be obtained by a camera calibration process [69] . The problem of estimating the 3D coordinates based on the
camera parameters and 2D projective point in multiple camera views is called the 3D reconstruction. The solution to the 3D reconstruction problem can be categorized into analytical methods, iterative methods and geometry-based algorithms. Before introducing these solutions, a pin-hole camera model will be presented. 
. Pin-hole Camera Model
The imaging process of a camera can be characterized by different models [70, 71] . The pinhole model is a common mathematic description that ignores the lens distortion of camera. 
f. 3D Reconstruction Problem
The 3D reconstruction problem is treated as an inverse problem in the computer vision field. From 
g. Analytical Solution
According to Eq. (4), we rewrite the projection equations for N points in M camera views,
where M P is the projection matrix 0 1 R t
of camera M c . Furthermore, the Eq. (5) can be rewritten as, P X m   (6) where Pis the combined projection matrix for all M cameras, and m is all the 2D coordinates for N points. The combined 3D coordinates can be calculated by pseudo-inverse matrix of P multiplying 2D coordinates according to Eq. (7).
X P m
   (7) Another analytical geometry-based 3D reconstruction algorithm has been proposed in [72] , where the estimation of reconstructed points can be determined based on the weighted perpendicular foots on all the back projection lines. h. Iterative Solution Another common method to solve the reconstruction problem is the optimization algorithm. The optimization problem can be symbolized as,
The objective is to find a set of 3D point i X (i = 1, 2, …, N) to minimize the 2-norm distance between their projective coordinates i j P X and the observed 2D coordinates in all camera views. Lots of algorithms, such as the Newton iteration algorithm, Gauss-Newton iteration algorithm [73] , Levenberg-Marquardt algorithm [74] , etc., can be used to solve this optimization problem [75] .
i.Occlusion-resistant Optical Tracking
The innate drawbacks of the aforementioned surgical OTSs are obvious, i.e., the line-of-sight constraint and the occlusion problem. The development trend of surgical OTS shows a clear pursuit of solutions to these problems. The multi-ocular tracking system [72] , which uses four IR cameras fixed on a static frame, is an example of this endeavor. Ren et al. proposed occlusion-resistant solutions for addressing the line-of-sight constraint in optical tracking, including the integration of tightly coupled electromagnetic tracking [76] and multiple lowcost RGB-D sensors [59] . Although a multiocular tracking system is a good solution to the innate drawbacks, it is not a matured or perfect technique.
Compared with a static setup for the cameras, it is noted that a dynamic setup such as a camera-mounted robot that carries out visual servoing (namely, active multi-ocular system), can address the drawbacks better. Visual servoing is a technique that uses visual feedback to control the motion of a robot [77] . By utilizing the visual servoing technique, Kuo et al. [78, 79] proposed two surgical navigation robots which are two binocular tracing systems that mounted on two robot arms (2DOFs for the passive one and 5DOFs for the active one). The basic idea of this kind of robot is to control the mounted binocular system to move dynamically when the surgical tools are blocked, so that tools can be tracked in a dynamic way. The passive system has a position error of 1.7 mm within a 500 mm operation range, and the active system has a 5 mm position error within 2000 mm. Although the range and accuracy are not satisfactory, these robots provide a new way to solve the occlusion problem and line-of-sight constraint in OTS by using visual servoing techniques.
Electromagnetic Tracking Systems
As mentioned previously, electromagnetic tracking is another widely used technique in surgical tracking by localizing small sensor coils in a generated magnetic field. These small coils can be even less than 0.5mm in diameter and 8mm in length [80] . While electromagnetic tracking systems (EMTS) might cause errors in the presence of ferromagnetic objects in the operating room, recent developments in error detection algorithms show promise in performance improvement. In terms of accuracy, the electromagnetic tracking does not outperform the optical tracking approaches, though some EMTS such as NDI's Aurora system can achieve sub-millimeter accuracy. In addition, it is affordable and convenient to use magnetic techniques in operating rooms compared with other image-based tracking techniques such as CT, MRI and 3D ultrasound and is not subject to the line-of-sight constraint.
Electromagnetic tracking (EMT) is an applicable technique for short range object localization and orientation [81] . This method is mainly based on accurate mapping of the magnetic field which is generated by magnetic sources [82] . Usually, there are two classes of magnetic sources, the permanent magnets and excited electromagnetic coils [83] . The first class uses permanent magnets as the excitation source, whose magnetic field can be measured by magnetic sensors and then the location and orientation of the magnetic sources can be estimated [81] . The low frequency AC signal is used with the second type source to excite the electromagnetic field [83, 82] . Typically, orthogonal coils are used as both transmitters and receivers, which can achieve acceptable tracking accuracy and speed. For tracking objects inside human body, a wireless excitation technique is preferable [84, 85] . Table 5 shows the similarities and differences between the two methods. 
a. Permanent Magnet based Tracking Method and Application
Permanent magnetic tracking is convenient for a minimally invasive or non-invasive surgical robotic system, due to its wireless tracking feature. Magnetic localization approach can track short distance objects to achieve biological immunoassays and diagnosis inside the human body [86, 87, 88, 89, 90, 84, 91, 85, 81, 92] . The magnet components in this range are safe to use around human beings [93] . Usually, this tracking method uses one or more permanent magnets as the magnetic sources or tracking targets. Based on the tracking area, the magnetic sensor array is a widely used approach to detect the magnetic strength and estimated the position and orientation of the magnets. As shown in Figure 9 , a 2D sensor array with 16 Hall sensors and a permanent magnet is presented in [86, 87] . By defining the coordinates system based on the sensor array, the position and orientation of the magnet is defined by five parameters: position parameters x, y, z and angles φ and θ. With the sensing data, the Levenberg-Marquart optimization algorithm is used to calculate the five parameters (x, y, z, φ, θ). In order to guarantee the accuracy and stability, Hu et al. [81] designed a new cubic magnetic sensor array with an edge length of 0.5m by using 64 3-axis Hall sensors. It is designed for people to lie in it and then carry out the tracking procedure. The magnetic field model in this system is a magnetic dipole model, which is the same as Eq. (10) . By applying a linear algorithm which is to provide an initial value, and a nonlinear algorithm which is to do refinement, the accuracy of this tracking system is 1.8mm and 1.6°, respectively. A schematic diagram of a typical field generator with cubic sensor array is shown in Figure 10 . [92] developed a vest-like wearable and easy-to-operate magnetic tracking system based on Hall sensors. Experimental results show that the relative errors of distance tests are below 10%. Other approaches such as using the Superconducting Quantum Interference Device (SQUID) [89] or magnetic gradient tensor gradiometer [94, 95] are reported to be effective in tracking small permanent magnets.
Because of its non-line-of-sight advantage and wireless tracking feature, the magnetic localization and orientation method is very useful in minimally invasive surgery and it works inside human body. By mounting the magnets on the flexible robot tip and/or body, the position, direction and shape information can be estimated according to the position and orientation parameters of the magnets.
b. Electromagnetic Method based Tracking Method and Application
Unlike the permanent magnet, the magnetic field generated in the electromagnetic method is based on electro-magnetic induction [96] . Typically, several orthogonal coils are used for exciting and sensing magnetic fields [97, 98, 99, 83, 100, 82, 101] . Three-axis generating coils excited by currents generate the magnetic field and the 3-axis sensor coils are measuring the excited field. The position and orientation of sensor coils relative to the generating coils can then be estimated.
For minimally invasive procedures, electromagnetic tracking has the advantages of no line-of-sight constraints and flexible shape sensing capability. It can be employed in the shape sensing of the flexible robot by mounting electromagnetic coils in the robot tool-tip and body, and it's more effective than a permanent magnet because of its anti-interference ability. Both alternating current (AC) and direct current (DC) can be used to excite the magnetic field.
Reichl et al. [100] have proposed an active electromagnetic servoing paradigm to improve the tracking accuracy by actively moving the field generators during tracking. A flexible catheter was inserted into a bronchoscopy training phantom and tracked using EM tracking. Li et al. [97] proposed a method of tracking and wireless power transmission for an active endoscopic robot by using electromagnetic coils and EMT. By mounting electromagnetic coils in the colonoscope, the shape of the endoscope in the human body can be recognized with the EMT method and curve fitting algorithm [102] .
Commercial EMT tracking devices are available, such as driveBAY, trakSTAR, pciBIRD from Ascension Technology Corporation 3 , Aurora from NDI and Fastrak from Polhemus 4 . A comparison of these products is shown in the Table 6 . Ascension and NDI have introduced their EMT systems to medical applications, such as biopsy needle guidance, neurosurgery, oncology and dental hygiene with Ascension's products and anesthesia, oncology, endoscopy, pulmonology, ENT surgery, orthopaedic trauma with NDI's products. Due to the small sensor size, these tracking sensor coils can be easily embedded into minimally invasive surgical devices, both the flexible instruments and rigid ones. For example, both the shape and tip of a flexible endoscope can be tracked by the Aurora 5/6DOFs Shape Tool from NDI. 
Other Forms of Rigid-body Tracking
Tracking is not limited to the aforementioned techniques and other forms of tracking including acoustic and inertial sensing have the potential application for surgical navigation with specific advantages and drawbacks. Ultrasonic transducers can be used to determine the time of flight of acoustic sound waves emitted by the instrument, which yields the 3D position of the instrument. Acoustic tracking is however subject to errors due to air moisture, surrounding temperature and slow update rates [103, 104] . In addition, they require a line of sight like optical tracking systems. As a result, it is not widely used in surgical tracking applications due to the weakness beyond conventional optical tracking systems. Coarse localization can be realized based on a network of wireless sensors [105, 106] , which are not accurate enough for tracking surgical instrument within millimeter or sub-millimeter level. Another approach to do instrument tracking has recently emerged with the introduction of inertial aided tracking [107, 108] . The recent development of microelectromechanical systems (MEMS) has allowed gyroscopes and accelerometers to be contained in chip form [104] . Inertial sensors are completely self-contained and they have no line of sight requirement. Inertial sensors have very low latency and can be used at a high rate of 1000 samples per second. Inertial sensors however suffer from drift, which results in the accumulation of errors over time. Inertial sensors can be integrated with acoustic or other localization sensors in a hybrid way to overcome the shortcomings of either tracking means. Towards intra-body instrument tracking without line-of-sight constraints, Ren and Kazanzides [107, 108] integrated inertial sensing with electromagnetic sensing, and Claasen et al. [109] developed an optical-inertia hybrid tracking system.
Comparison of the State of the Art
Among the various tracking means, the commonly used ones for rigid surgical instrument tracking are commercial systems such as the Polaris series, Aurora EMTS, the MicronTracker, and the Aurora. Table 7 shows a comparison of the current surgical tracking methods such as mechanical digitizer, EMTS, ultrasonic and OTS. 
B. Flexible Instrument Tracking
In addition to the aforementioned rigid instrument tracking, there are surgical applications that require the tracking of flexible instruments. A common interventional procedure is the subcutaneous insertion of steerable needles, catheters and electrodes. During insertion of such instruments, needle deflection is the main cause of errors and which necessitates the reinserting of the needle in order to reach the intended target [110] . Therefore, it is important to monitor such insertions using a form of instrument tracking as well. Among the aforementioned rigid body tracking methods only the EMT is applicable for localizing flexible instruments as mentioned in the earlier section (IV.A.3 Electromagnetic Tracking). For flexible needle tracking, image based approaches such as MRI have been applied to guide such clinical interventions using both active and passive methods. As summarized by DiMaio et al. [111] , while active markers for MRI are fast and accurate, they are restricted by line-ofsight, sensitive tuning, heating, calibration and expense. Passive methods involve imagebased detection and tracking through MRI, CT, ultrasound or other imaging techniques. Although the passive approach is a more convenient one, there is a trade-off between imaging speed/quality and the accuracy and reliability of tracking. Other flexible surgical instrument tracking methods such as electromagnetic sensing and optical sensing have been preliminarily explored in recent years. Miniaturized electromagnetic digitizers can be placed on the tips of deformable and flexible needle tips for tracking and have been shown to obtain millimeter accuracies [112] . Park et al. [110] developed a needle that employs Fiber Bragg Grating (FBG) sensors for measuring strain. This technique has been incorporated into flexible instrument shape sensing. FBG sensing is a mature technology, but is emerging in the application of tracking flexible needles. FBG sensors are immune to electromagnetic interferences, are physically robust and do not compromise the essential properties of existing medical instruments. Needle tip position error using this technique was found to be less than 0.1 mm for deflections up to 15 mm.
V. DISCUSSIONS AND CONCLUSIONS
Computer assisted transoral surgery, particularly assisted by the emerging flexible surgical robotics and tracking technologies, is a promising paradigm which further magnifies the aforementioned benefits of MIS because it accesses surgical spaces through the natural orifices. The significant endeavors of numerous researchers have contributed to the development of TORS, in both broad and narrow senses, which help patients take full advantage of the associated state-of-the-art technologies and approaches. These state-of-theart and emerging technologies include flexible surgical robots with novel designs, new materials, new actuation methods, and flexible tracking and navigation systems.
Considering the characteristics of TORS, the flexible surgical robot is the most promising solution, even if it is not unique, as elucidated previously. Despite much research already, there is still much more work to be done before the flexible surgical robot goes to clinical practice. After reviewing previous research, we summarize the following aspects which have the potential to be further improved and to be the future research trends.
1. Modularized flexible robots for intrabody space utilization. In a transoral procedure, because of the small insertion access and confined operative space, the outer diameter of the flexible surgical robot is strictly limited. This challenge leaves biomedical engineers no choice but to increase the length of the robot to enable full functionality, which then results in a snake-like design. Though a simple snake-like design offers a high degree of flexibility, it is often restricted by the complexity of control and fixed functionality. In order to utilize the intra-body space better, a reconfigurable modular robotic system which could be assembled inside the patient's body has been proposed [50, 113] . To further utilize intra-body space and the good properties of flexible robotic systems, a transformable modular robotic system that can be disassembled and reassembled, partially retrieved and added to according to varying needs, remains a great future challenge.
2. Embodied intelligence in flexible robotics and sensing. The vast majority of the current surgical robotic systems still highly rely on the manual manipulation of human operators (i.e., the clinicians in surgery) in the loop, either in direct mode or with masterslave mode. Little automated intelligence was introduced to the surgical robotic applications partially due to the safety concerns as well as technical challenges. This significantly overburdens the clinicians as more and more sensing and actuation components are involved in a non-or minimally invasive procedure. With the emerging embedded sensing techniques and artificial intelligent control technologies, embodied intelligence will be a future research trend by embedding the lower-level intelligence to the devices locally. For example, flexible endoscope image based transoral surgery requires the endoscope pointing to the surgical field with the focus on the region of tissue and end-effector of the involved flexible surgical instrument. Intuitive and automated hand-eye coordination will significantly ensure the success of surgical field perception and subsequent surgical manipulation. This can be accomplished by embodying the intelligent hand-eye coordination control in the steerable flexible endoscope, which can automatically adjust its view angle with respect to the surgical targets based on the visual feedback. Moreover incorporated with embodied intelligence, it can offer online surgical virtual assistance, augmented reality, and constraint control to avoid misoperation and automated fault alerts.
3. Flexible sensing and navigation are essential for immersive embodied intelligence in an intra-body surgical scenario, since there is a limited exposure or no direct line of sight. The comprehensive flexible sensing capabilities, such as flexible active vision, entire-length flexible instrument tracking and entire-length flexible haptic feedback can provide sufficient information for clinicians or robots to make appropriate decisions. In addition to the reviewed flexible instrument tracking technologies, emerging new material based intelligence and embodied sensing techniques will be the future research trends. For example, IPMC generates a current when subjected to a bending motion, and then the DDU made of IPMCs can act as a sensor to provide feedback to the robotic system in addition to acting as an actuator, resulting in more accurate control. As for flexible tool tracking, image-based tracking (MRI, CT, X-ray, Ultrasound, etc.) and imageless tracking (EMTS, acoustic, inertial and OTS) both have pros and cons, and need to be justified for specific procedures. The selection of tracking methods is up to the user and subjected to the requirements of the surgery. Further improvements on the accuracy and robust performance of current systems and the development of new systems could be expected.
4. Procedure-specific design of DOF. In previously reviewed papers, researchers are all trying to address the concept that the more DOFs there are, the more flexible the surgical robotic system is. This notion may be feasible in theory, nevertheless, a robotic system becomes too complex to be manipulated and controlled after introduced too many DOFs. Thus, the procedure-specific design of DOF should be the future trend of surgical robotic system design. After all, provided the problem can be handled, simplicity is the best.
5. Soft flexible robotics by adopting new actuation methods. The emerging smart materials, such as shape-memory alloy and electrical active polymers including IPMCs, show compact, quiet actuation and other good properties, which have great potential in improving the current flexible robotic systems. The idea of a soft robot [114] offers new possibilities for biomedical engineers. The combination of soft materials, such as elastomeric polymers, and pneumatic or hydraulic actuation demonstrates a metal-free and compliant alternative for developing a new generation of surgical robots. Nonetheless, one of the common drawbacks of these flexible soft robotic systems is the complexity inherited from design and robot fabrication. Theoretically, the soft flexible robot has an infinite number of DOFs, which pose significant challenges in modeling and control.
The developments of new actuation methods and advances in intelligent control give new possibilities to many fields including TORS, in both broad and narrow senses. By adopting new actuation methods, flexible surgical robots provide alternatives, beyond which are not available by using traditional materials for surgical practice. However, the control latency and the risk of endangering patients within surgical context, as well as the costs of complexity, limit the application of current available smart materials. Future improvements of SMA and IPMC, as well as the development of novel materials are expected.
In conclusion, a new paradigm in computer assisted transoral surgery is emerging by incorporating emerging flexible robotics, intelligent control, flexible instrument tracking and associated navigation systems. Although great breakthroughs have been made, there are both challenges and opportunities for the future evolution of computer assisted transoral surgery, particularly in the fields of intelligent flexible robotics and navigation technologies.
